The purpose of this study was to investigate whether low cerebral blood flow (CBF) is associated with subsequent development of white matter hyperintensities (WMH). Patients were included from a longitudinal magnetic resonance (MR) imaging study of minor stroke/transient ischemic attack patients. Images were co-registered and new WMH at 18 months were identified by comparing follow-up imaging with baseline fluid-attenuated inversion recovery (FLAIR). Regions-of-interest (ROIs) were placed on FLAIR images in one of three categories: (1) WMH seen at both baseline and follow-up imaging, (2) new WMH seen only on follow-up imaging, and (3) regions of normal-appearing white matter at both time points. Registered CBF maps at baseline were used to measure CBF in the ROIs. A multivariable model was developed using mixed-effects logistic regression to determine the effect of baseline CBF on the development on new WMH. Forty patients were included. Mean age was 61 ± 11 years, 30% were female. Low baseline CBF, female sex, and presence of diabetes were independently associated with the presence of new WMH on follow-up imaging. The odds of having new WMH on follow-up imaging reduces by 0.61 (95% confidence interval = 0.57 to 0.65) for each 1 mL/100 g per minute increase in baseline CBF. We conclude that regions of white matter with low CBF develop new WMH on follow-up imaging.
INTRODUCTION
Leukoaraiosis, visible on magnetic resonance (MR) imaging (MRI) as white matter hyperintensities (WMH) of presumed vascular origin on T2-weighted imaging, is a ubiquitous part of normal aging 1 but, when present in large volumes, may be associated with cognitive decline and an elevated risk of stroke. [2] [3] [4] [5] Leukoaraiosis is also associated with potentially modifiable risk factors that lead to stroke, such as hypertension, diabetes, and dyslipidemia. 2 Preventing or slowing down leukoaraiosis may, therefore, have the potential to reduce disability from stroke and cognitive decline. Nonetheless, despite years of study, there still remain unanswered questions regarding its pathogenesis.
Pathologic studies have found small vessel damage and bloodbrain barrier dysfunction in areas of leukoaraiosis. Consequently, leukoaraiosis is considered to be mainly vascular in origin. 6 Positron emission tomography and MR perfusion have shown low cerebral blood flow (CBF) in regions of leukoaraiosis. 7 A previous cross-sectional study demonstrated a reduction in CBF, not only within areas of abnormal white matter, but also throughout normal-appearing white matter (NAWM). 8 If reduced CBF in NAWM precedes development of leukoaraiosis, this could provide a potential target for new therapies augmenting CBF in those brain regions. Longitudinal studies that assess the relationship between CBF at baseline and the subsequent development of leukoaraiosis are important first steps toward realizing this goal.
Using a longitudinal stroke-MRI cohort study with follow-up at 18 months, we sought to understand whether regions of low cerebral blood flow in NAWM develop into regions with WMH (leukoaraiosis) over time.
MATERIALS AND METHODS Subjects
Consecutive patients 418 years presenting to the Foothills Medical Centre between May 2009 and September 2011 with high-risk transient ischemic attack (focal weakness or speech disturbance lasting 45 minutes), or a minor ischemic stroke (National Institute of Health Stroke Scale score ≤ 3) were recruited into the prospective CATCH (Computed tomography And MRI in the Triage of transient ischemic attack and minor Cerebrovascular events to identify High risk patients) study. 9 Details are described in this paper, 9 but briefly all patients had computed tomography/computed tomography angiography of the intracranial and extracranial vessels completed within 24 hours of symptom onset. Exclusion criteria for CATCH included a premorbid modified Rankin Scale ≥ 2, treatment with an acute thrombolytic drug, inability to complete imaging, and a serious comorbid illness that would make it unlikely for the patient to survive 3 months post event. Not all patients had an MRI completed, but patients who had baseline MRI completed including perfusion imaging were approached for enrollment into extended CATCH. Extended CATCH included follow-up imaging at 18 months. All patients had baseline demographics recorded including vascular risk factors, event details, and follow-up information.
48 hours) and follow-up (18 months) imaging were performed on a 3 T MR scanner (Signa, VH/i, General Electric Healthcare, Waukesha, WI, USA before December 2010 and Discovery 750, General Electric Healthcare after March 2011). MR sequences included axial diffusion tensor imaging (b = 1,000 seconds/mm 2 ), axial three-dimensional pre-and postgadolinium time-of-flight MR angiography, axial T 2 , FLAIR, and spoiled gradient-recalled echo imaging, and axial dynamic susceptibility contrast perfusion-weighted imaging. Specific sequence details for FLAIR are: TR/ TE = 9,000 milliseconds/140 milliseconds, 40 slice with a slice thickness = 3.5 mm (no gap), field-of-view = 24 cm × 24 cm, 256 × 192 acquired matrix. The dynamic susceptibility contrast perfusion-weighted imaging sequence (echo planar imaging with flip angle/TR/TE = 45°/2,000 milliseconds/30 milliseconds, 21 slices with slice thickness = 5.0 mm (no gap), field-of-view = 24 cm × 24 cm, and 144 × 144 acquired matrix) was obtained during the intravenous injection of a gadolinium-based paramagnetic contrast agent (Gadovist, Berlex, Wayne, NJ: 10 mL/second at 5 mL/second or Magnevist, Berlex: 20 mL/second at 5 mL/second) followed by a 20 mL physiologic saline flush at 5 mL/second.
Image Processing
Dynamic susceptibility contrast perfusion-weighted imaging was used to generate parametric perfusion maps (Olea Sphere; La Ciotat, France) from an established tracer kinetic model. An arterial input function (AIF) was manually selected in the middle cerebral artery (MCA) M1 segment of the normal unaffected hemisphere. Deconvolution of the AIF was performed using the delay-insensitive singular value decomposition. 10 As the study is looking for brain regions that appear normal on FLAIR but have low CBF, the commonly used cross-calibration procedure (i.e., scaling to a fixed value of presumed normal white matter) can impair interpretability of perfusion maps. Instead, the software normalized individual perfusion parameter maps to the average value of that parameter in the region used to define the AIF. This technique generates quantitative maps of perfusion as described previously. 11 Baseline FLAIR, baseline perfusion, and follow-up FLAIR images were coregistered with Olea Sphere. A single trained rater simultaneously compared baseline and follow-up FLAIR images to identify WMH of presumed vascular origin, as defined by recent consensus criteria. 12 In each patient, multiple regions of interest (ROIs, ranging in number from 40 to 60) were placed on the co-registered follow-up FLAIR scans to capture information for three possible tissue outcome groups: (1) regions of WMH at baseline and at follow-up, i.e., old WMH (2) regions with new WMH present at follow-up that were not present at baseline, and (3) NAWM at both baseline and follow-up ( Figures 1 and 2 ). Total ROI numbers were: 387 in old WMH, 294 in new WMH, and 1,099 in NAWM. The ROIs were standardized to be circular and were 6 pixels in area. If too large to be placed within a WMH, the size of the ROI was reduced but was never smaller than 2 pixels. In regions with NAWM at baseline and follow-up, the ROIs were placed according to a template that selected thirty-two a priori defined locations where WMH are common ( Figures 1 and 2 ). If there was no NAWM in the pre-specified template locations, no ROIs were placed. Diffusion-weighted imaging-positive lesions were excluded from further analysis. All ROIs were placed masked to CBF information ( Figure 3 ).
Statistical Analyses
Our analysis sought to understand the relationship between CBF at baseline and development of new WMH on follow-up imaging. Analyses were done at the level of each individual ROI, using mixed-effects logistic regression to account for within-patient clustering. For our primary analysis, we compared ROIs with new WMH at follow-up with ROIs without WMH at either baseline or follow-up (i.e., in NAWM). Development of new WMH was the dependent variable and CBF at baseline within each ROI was the main independent variable of interest. In addition, as we wanted to test whether age, sex, history of hypertension, and history of diabetes modified or confounded the relationship between baseline CBF and new WMH on follow-up imaging, these variables were included as fixed effects. Patient was included in the random effects part of the model. In addition, we tested for presence of multiplicative interactions between baseline CBF and these fixed effects variables. Using a combination of forward selection and backward elimination, we finally arrived at a parsimonious model that reports on main effects. We also performed a secondary analysis to determine the association between baseline CBF and presence of any WMH on follow-up imaging (i.e., including both new and old WMH). For this secondary analysis, we did not find any significant Figure 1 . Template used to place regions of interest in normal-appearing white matter at both time points. Slices used were (from left to right): first slice superior to the ventricles, slice with the widest ventricles, and two slices inferior to the slice with the widest ventricles. In blue are regions in the centrum semiovale and in yellow are regions in the periventricular region. These indicated regions served as the template for CBF measurements in normal-appearing white matter (see text). CBF, cerebral blood flow. 
RESULTS
Between May 2009 and January 2012, 56 patients were enrolled in the Extended CATCH substudy. Eight patients who had baseline MR did not have follow-up imaging (three withdrew consent before follow-up imaging, two died, one became pregnant, one had a pacemaker inserted, and one was claustrophobic). Of the 48 remaining patients who had a baseline and 18-month follow-up imaging, 8 had dynamic susceptibility contrast perfusionweighted imaging that was judged to be inadequate for analysis because of severe motion artifacts, leaving 40 patients for analysis. No patient had a clinical recurrent stroke between baseline and follow-up imaging.
Mean patient age at baseline was 61 ± 11 years, 30% were female, 52.5% were hypertensive, and 12.5% had diabetes. Median National Institute of Health Stroke Scale at baseline was 1 (interquartile range: 1 to 3) Baseline characteristics are described in Table 1 .
Using simple two-factor models that included baseline CBF and one of the variables (i.e., age, sex, hypertension, and diabetes) along with an interaction term between CBF and the second variable, we found that only baseline CBF (P o 0.001) and the presence of diabetes (P = 0.04) were independently associated with presence of new WMH at follow-up imaging. No significant two-way multiplicative interactions were observed (P40.05). Two multi-factor models that included all possible multiplicative interactions between (1) CBF, sex, diabetes, and hypertension and (2) CBF, age, sex, and diabetes were built. We did not find any relevant interactions between these variables in these models. The final parsimonious model found CBF, sex, and diabetes as being independently associated with development of new WMH on follow-up imaging ( Table 2 ). Age and hypertension were not associated with new WMH. All regions with baseline CBF value o10 mL/100 gm per minute had new WMH on follow-up imaging (Figure 4) . Table 3 reports the age-adjusted odds of developing new WMH in regions with CBF 15 to 20 mL/100 g per minute, 20 to 25 mL/100 g per minute, and 425 mL/100 g per minute compared with regions with a baseline CBF o 15 mL/100 g per Figure 4 ). Secondary analyses of the association of baseline CBF with WMH on follow-up MRI, including both new WMH as well as WMH that was present on both baseline and follow-up scans, yielded similar findings: baseline CBF, diabetes, and sex were independently associated with the presence of WMH on follow-up imaging ( Table 2 ). There were no interactions between age, sex, diabetes, hypertension, and baseline CBF.
DISCUSSION
This study reports on the relationship between CBF at baseline and the presence of WMH at follow-up. Our results show that the odds of having new WMH on follow-up imaging reduces by 0.61 for each 1 mL/100 g per minute increase in CBF. These results provide evidence that low CBF at baseline in NAWM precedes the development of new WMH on follow-up imaging.
Our findings are consistent with previous cross-sectional studies demonstrating that hypoperfusion has a role in the pathogenesis of white matter damage. 7, [13] [14] [15] [16] Our data suggests causality between reduced CBF and WMH (leukoaraiosis) by showing that reduced baseline CBF predicts new WMH at 18 months. Low CBF within regions of WMH, as seen in previous cross-sectional studies, cannot be solely a consequence of WMH because we show that decreased CBF precedes WMH formation. To our knowledge, this is the first longitudinal study linking low CBF to subsequent WMH development.
White matter hyperintensities are associated with an increased risk of stroke, dementia, and cognitive decline, so it is beneficial to find ways to reduce WMH in patients. 1 Demonstrating a possible mechanism of WMH development opens the possibility of a new target for therapeutic trials aimed at improving CBF to slow or halt WMH development.
Pathologic studies have demonstrated vascular abnormalities in WMH that could account for the observed hypoperfusion. [17] [18] [19] Van Swieten et al found a significant reduction in the diameter of arterioles in WMH compared with arterioles in normal white matter. 19 In regions with WMH, blood vessels invariably show alterations in their structure. The severity of these changes vary from hyaline thickening to lipohyalinosis. 20 These vascular abnormalities may begin as micro-structural vascular changes before any visible changes are detected on FLAIR imaging, causing the regional reduction in CBF in NAWM that we found in areas that developed WMH at 18 months.
Using diffusion tensor imaging, De Groot et al described microstructural white matter changes, specifically reduced fractional anisotropy, at baseline with WMH development on follow-up imaging. 6 These changes were observed in seemingly 'normal' white matter on FLAIR imaging. Diffusion tensor imaging may provide supplementary information and further stratify risk of development of WMH. 21 Vascular abnormalities and reduction in CBF observed on perfusion imaging, and the damage to the myelin observed on diffusion tensor imaging are not necessarily mutually exclusive. 22 The decreased blood flow and the demyelination could be because of a broader failure of endothelium in blood vessels and glia.
Our results also suggest that diabetes is an independent predictor of development of new WMH presence at 18 months. Recent imaging studies in patients with type 2 diabetes reveal similar findings: a higher incidence of WMH and higher prevalence of lacunar infarcts compared with control subjects. 23, 24 Diabetes is related to degenerative neuronal changes, affects blood-brain barrier permeability, and is associated with endothelial dysfunction. 25 Although this pathology is consistent with pathology found in leukoaraiosis, studies are inconclusive as to whether diabetes is associated with white matter disease. Contrary to our findings, two large population-based studies have reported no association between diabetes and WMH presence. 26, 27 The small number of diabetics (5 out of 40) in our study is a limitation; further studies are needed.
Our results suggest that women have a higher likelihood of developing new WMH on follow-up imaging than men. This was an unexpected finding, although previous studies have shown a higher density of WMH in women in both periventricular and deep white matter areas. 28, 29 The Rotterdam Scan Study reported that women tended to have a higher prevalence and severity of WMH than men. 29, 30 The female sex hormone estrogen has important functions in the brain including increasing CBF, protecting the brain from oxidative stress and prevention of neuronal atrophy. [31] [32] [33] During and after menopause, depletion of estrogen might make the female brain more vulnerable to reduction of blood flow and damage from oxidative stress. We did not find that hypertension had an independent effect on the development of new WMH. The lack of association could be because of careful control of hypertension, as all patients in our study were followed by a stroke neurologist and had treatment of vascular risk factors. Unfortunately, we do not have follow-up blood pressure information on these patients to know whether this is the case or not. In the 3C study, WMH progression in hypertensive patients was limited to the patients with poorly controlled hypertension despite medication, with no significant WMH increase in patients with well-controlled hypertension. 34 We did not find an independent effect of age on development of new WMH. It is possible that the effect of age seen in other studies could be mediated by age-related reductions in CBF. Previous studies have found that increasing age results in worsening of leptomeningeal collateral arteries and reduction in CBF in white matter. 35 Our study has some limitations. We cannot rule out the possibility of the bolus of contrast agent being delayed or dispersed before entering the tissue bed, thus affecting the AIF and perfusion estimates. We also used a previously published technique to derive quantitative perfusion estimates; this technique would need further validation in more studies. 11 The normalization method used in this technique assumes that the CBF value of the AIF is identical across subjects, however, this might not be accurate in patients with vascular disease. Our study, showing proof of a biologic hypothesis, is one such validation. In addition, the small number of patients is a potential limitation, we placed a large number of ROIs per patient that increased our statistical power to detect differences in CBF between white matter regions that did or did not progress to WMH. Mixed models allowed us to adjust for clustering of ROIs within patients. Also, we included a real-life selection of stroke patients including some with large artery disease and others with potential cardioembolic sources of stroke. There is the potential that different etiologies of WMH have different blood flow and this is a potential limitation.
CONCLUSION
In patients with minor stroke or transient ischemic attack, reduced cerebral blood flow precedes development of new WMH. Larger studies with longer follow-up intervals are needed to corroborate our findings. Only then can studies to determine a pharmacological treatment effective at restoring perfusion in NAWM be attempted. 
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